QCD VACUUM,
QUARK CONFINEMENT
AND MESON SPECTRUM

G.V.Efimov

. Particle physics and quantum field theory. QED and QCD.

. Vacuum field - (Anti-)selfdual homogeneous gluon field.
Confinement of quarks and gluons

. Hadronization in QCD, meson mass equation
. Physical results:

(a) meson masses J© =0—, 1=, 0+, 1+, 2*, 3—,

(b) radial excitations of 1=, 2% mesons.



Quantum field theory - QED and QEWD

L = Ly + gLy
non-interacting particle
particles interaction
plane waves o = % <1

Standard approach in QCD

LeCD = Ly + gLy
non-interacting quark-gluon
quarks & gluons interaction

plane waves g = % <1

no confinement

Idea — nonperturbative interaction — confinement

4
Phenomenology (symmetries, new parameters)
4
£Z}L?rons - Lgadrons + geffc?adrons
effective non-interacting hadron
Lagrangian free hadrons interaction
plane waves




Idea - a vacuum gluon field B,,(x) should provide

the confinement in QCD
LOCP[B] = Lo|B] + 9L
non-interacting quark-gluon
quarks & gluons interaction
confinement
no plane waves oy = % <1
J

hadronization = collective-hadron variables

Parameters: {m,}, as = £, Acony

Aconfinement ~ Ahadronization

quark-hadron duality
Bethe-Salpeter equation

2

Ehadrons — Lgadrons + ghElIladrons
non-interacting non-local
free hadrons hadron-hadron interaction
2
— 9Y9n
plane waves ap = - <1




QED. Selfdual electromagnetic field with constsnt strength.
2
2

b;u/ — _bl/ua bupbpl/ — _5;1,1/9

~ 1
b = 2eyuagbag = +b,,.

0uBu.(x) =0

QCD. Selfdual gluon field with constsnt strength.

B,(x) = B/ (x)t*, B,(x)= A*n®b,,,,
B, = 8,B;(x) — 8,Bj,(x) = —2A*n" by,
[Bu(x), Bu(x)] = 0,

n®: (n'n% =1, (nanbncdabc)

VMEMV — 8u§uv - z'g[éu(a:), EMV(m)] = 0.



Fermion propagator in a self-dual field.

(V(z) —m)S(x —z') = —d(x — 2'),

V(%) = 8, + iA%ib,,x,.

: B, dp ip(z—x') Q
Si(.’B . $,) — el(iBuBuV u)/ (271_)46 p( )S:i:(p)a

2
m
L du

,§() _up2<1—u>4A2
+(p) = —e 2A2
o 2A2 1+ u

i
. {iﬁ + utiys(vbp) + [1 F ysu® + 5ﬁ(7bv)u } -

1 — u?

Analytical confinement !



Non-local distributions and Confinement

G(E) ~ 'F

G(t—t)= e_(l%)2 ot —t) = / @e_iE(t_t')'HzEz.
o 2T
o) [ee) dE ) s ~
Lmdﬂ::L/CHt—tULn@ﬁ::/Pzﬂe_wthEgth)

IJ(E)| < Ce P, o> 2.

Jin(t) ~ Ce " — Jou(t) ~ Ce ", 1 < p <2

1. Two static quarks + Potential V() ~ r
Confinement =-
2. Quarks are fluctuations in space and time



Vacuum energy in a self-dual
homogeneous field B,,(x)
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A2
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Stability
QED : 2Nrp > Np, Z—>Z ,iA:O.

M3 B Mm%

QCD: A >0, Always!.



QCD, £ =—iTrG?, +q(iV —m)q
QCD vacuum — B, (x)

l
2 — —
% (Q’Yuta(I):chzg (wl ’ 332) (q7vtbQ)m2

!

Fierz transformation
L= 2 Ti(x1, ©2) T 5 (T2, 1) = % > Ti(x,y)T(z,y)

!

Quantum numbers and vertex functions

Tr(z,y) = yD(y)(a(z + Tsq(z — 3)) = > J1e(®)Uq(y)
JJQ("B) - cj(w)VJQ(g)q(m), VJQ(B) = fdy UJQ(’y)\/We%B

!
L; = g;J%fd:c J2o(@)

!

2
ezid) = DBg e 2(Big)ta(Biaia) _, integration over g and ¢q

!

[DBjg e~ 1Bia)+Trin[l+3(BiqViq)Ss]
— [DBq e~ 3(Bsall=g*Te(ViaSV1aS)|Bse) + WilB]

1
Bethe — Salpeter equation

g*Tr(ViqSVygS) = (UselUyq ) = Aiq(—p?)d150qq

1
1= AJQ(M.%Q),

!
Wi[B] = £Tx[(BsqViq)S(BiqViq)S(BigVig)S] + O(BY)




Meson masses

I. Ahadronization ~ Aconfinement

II. Analytical confinement

III. Bethe — Salpeter equation

IV. Mg() = (@(2)Va (8:) a2(2))

Mg(my, m2) = M(my, ma, Ag)

Aq

(m2 4 1.13mymy + m2)0-625 ’

= (m;+mo) |1+

Q — (JP, ’I’L)
n=0 JPf=0",17,0" 11, 2+, 3~
n>0 JP=1", 2"

(u=4d, s, ,c,b)



(0%
1= ﬂ_//dyldyQO(yl)HQ(yl — y2|P)VQ(?J2)-

(mq+mq)?

s ! ug,u
1 = 7//dU1d’U;2PQ(...)e A2 E(ﬂ'aﬂ'lauﬂa 1 2).
T 0

urug + 2(piur + pius)
FE Uy, Us) = 1?2 -
(Il'allllall'Za 19 2) M Ut + up + 2
2

() ()
—1 —1 .
+2n1—|—u1 +2n1—|—u2

= = =1,2
'u_ml—|—m2 H]_m1-|-m2’3_ ’
1< p= <1+25 p+p=1.
my + My
M
= <1, M<my+m; = 7w K
my + My

10



(m14112)° By, p12)
M > m4 —|— mao, e 2A2 sy > 1

/ (m1+ma)? (my+ma)?
//duld'u,QPQ(...)e 2A2 E(...) ~ CQB A2 E(M,m1,mz)
0

E(M,my, my) = max E(p, p1, p2, U1, uz)

uy, u2

Uz + 2(piur + pius)

= max |u
Uui,u2 uUq _|_u2 _|_ 2
ultsz) it
2 14 uy 2 1+ us
1 ~ %s Qe(mlgg2) E(M,mq,m2)

MQ(mh m2) — M(ml, mo, AQ)

Aq

(m2 4 1.13my;my + m2

~ (my+m2) |1+ )0.625 _
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Meson masses.

uVou uVgs uVge ’LLVQI_)
SVQ§ SVQE SVQB

CVQE CVQI_) )
bVb

Q=JF =

n(547) K(494) D(1869) B(5279)

N n'(957) D,(1968) B,(5369) |
P(07) = 10(2979) B.(6400) |’
75(9300)
w(782) K*(892) D*(2007) B*(5325)
N (}5(1020) D:(2112) —
v(ar) = J/p(3100)  —
T(9460)
f0(980) — — —
. f0(1370) — — _
5(07) = Yeo(3415) — |
X0(9893)
a:1(1260) K,(1330)  — _
. f1(1420) — —
A1) = xer(3510) B
Xb1(9892)
£2(1270) K:(1430) D:(2460)  —
_ fiasas) - -
D(27) = Xc2(3556) —
Xb2(9912)

T(37) = (w3(1670) K:(1780) )

¢3(1850)
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my, — Mg, Mgy My My

AP) AV? AS7 AAa AD? AT

— 4 — parameters

— 6 — parameters

1 MQamlam2 (ml’ ma, AQ) 2
Og= 1—
NQ ml’mz’AQ (MQ9m19m2)eXp

mf mu ms mc mb

Mev | 260|434 | 1506 | 4732
Q P=0|V=1 S=0tA=1tD=2+T =3
Ag | 0.0216 0.217 0.249 0.527 0.618 0.838
Oq | 0.011 0.0026 | 0.012 | 0.0023 | 0.0019 | 0.00016
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10

m (GeV)

10

10

m (GeV)
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M. (GeV)
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Radial excitations for vector 1~ mesons.

p = uu 1 = ccC Y = bb Ay Oy

p(770) | J/4(3100) | Y(15)(9460) |0.188 | 0.0079
778 3178 9589

p(1450) ¥ (25)(3655) | T(25)(10023) | 0.585 | 0.0037
1323 3530 9853

p(1700) P (3770) Y(35)(10365) | 0.859 | 0.0011
1699 3772 10035

p(1900) 1 (4040) Y(45)(10580) | 1.137 | 0.0034
2081 4018 10220

p(2150) 1(4160) T (10860) 1.362 | 0.0049
2390 4217 10370
p(—) 1 (4415) T (11020) 1.574 —
2698 4416 10518




Tensor mesons 2+

f2(1565) K;(1980) — _

D1(2%,1) = F2(2010) - -
Xb2(2P)(10268)
n=20 n=1
uti | f2(1270) - 1336 f2(1565) - 1737

us | K;(1430) - 1445 K;(1980) - 1818

S5 £3(1525) - 1586 £2(2010) - 1939

s¢ | Dz(2460) - 2320 —  -2772

c€ | xe2(1P)(3556) - 3537 —  -3796

bb | x52(1P)(9912) - 9859 | x42(2P)(10268) - 10053
Ap 0.594 0.886

Op 0.0013 0.0051
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Light mesons

7(138) = (u@) K (494) = (u3)

M, = 138 < 2m, = 520, Mg = 494 < m,, + m, = 694.

(F(Mﬂ'7 My mu)

2
= 1.26 ~ 30%).
F(MKamuams)) ’ ( 0)
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Conclusion

e Confinement - quarks and gluons are fluctuations in time-space.
e Stability in a self-dual homogeneous field:

— no confinement in QED - all basic particles are fermions
and electron has the lowest mass;
— confinement in QCD - gluons have zero mass.

e The structure of the quark propagetor in gluon vacuum field
predetermines main features of meson spectrum.

e The formula
Mg (my, my)
Aq

~ 1
(m1 +mo) |1+ (m? + 1.13mymy + m2

)0.625 *

correctly describes the mass dependence of mesons
on masses of constituent quarks.

e The (anti)self-dual homogeneous field is a good candidate
to be the vacuum gluon field.
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